The intrinsic protein fluorescence of the polygalacturonase from Colletotrichium lindemuthianum was exploited in stoppedflow experiments aimed at elucidating the kinetic mechanism for this enzyme. Binding of the polymeric substrate polygalacturonic acid (PGA) essentially produced a triphasic fluorescence profile. There was an initial rapid quench in fluorescence, consistent with the rapid formation of the enzyme-substrate complex, with an equilibrium constant of about 8 x I0-% (w/v) PGA (about 0.27 /LM). There then followed a near-constant fluorescence phase, attributable to turnover of the enzyme-substrate complex as a steady-state intermediate. As the concentration of the steady-state intermediate became depleted, towards the end of the reaction, there was a partial return of the fluorescence intensity. This phase is attributed to a final, single turnover of the enzyme at the end of the reaction. The fluorescence intensity does not return to its original level due to product remaining bound at the end of the reaction.
INTRODUCTION
Saprophytic and plant pathogenic fungi and bacteria produce an array of enzymes capable of degrading the complex polysaccharides of the plant cell wall, including pectin, the main constituent of the middle lamella of higher plant cells [1] . Pectin is a heteropolysaccharide consisting of a linear polymer of al -+ 4-bond D-galacturonic acid residues or polygalacturonic acid (PGA), which is partially esterified. The microbial degradation of pectin is a complex process, involving several enzymes. One of these is polygalacturonase (PG) (EC 3.2.1.15), which is able to cleave hydrolytically the a l -* 4-bond of esterified (pectin) or non-esterified (pectic acid) polygalacturonic acid [2, 3] .
PGs have been purified and characterized from a number of organisms. Although they can show extensive variation in their physical and chemical properties, they also exhibit some common structural and enzymological features [4, 5] . For example, an amino acid domain which is common to several different PGs found in ascomycete fungi has been reported [4] . Few enzymological studies have been performed upon these enzymes. However, there have been several reports that the hydrolysis rate of oligogalacturonic acids (OGAs) catalysed by PGs from different organisms decreases upon shortening of the substrate chain [6, 7] , a process that will ultimately lead to substrate/ product inhibition of the reaction. Several PGs, from different organisms, have been found to be inhibited by high-molecularweight inhibitors produced by plants [8, 9] .
Further structural and enzymological studies, using materialconsuming techniques like X-ray crystallography, n.m.r. and protein fluorescence stopped-flow spectroscopy, have hitherto been considerable hampered either by the relatively small amount of enzyme synthesized by PG-producing organisms, or by the difficulties associated with purifying single components of an often multi-isoform complex.
Recently we have established protocols for the purification of large amounts of single PG isoforms from three fungi; Colletotrichum lindemuthianum, Aspergillus niger, and Sclerotinia sclerotiorum [4, 10] . While the PG systems produced by either A. niger or S. sclerotiorum consisted of several isoenzymes with low to neutral pl, the PG system produced by C. lindemuthianum consisted of a single component with a high pl. These features of the C. lindemuthianum PG system have enabled us to set up a simple and low-cost purification protocol, which is far more costeffective than that proposed for the purification of the A. niger and S. sclerotiorum PG isoforms. The rapid processing of a large volume of culture filtrate through an SP zeta-prep disk has made it possible for us to purify protein in quantities well above 0.1 g. Furthermore, several transformation systems have been reported for this organism [1 1, 12] , allowing the transfer of homologous or heterologous genes to be undertaken, and making the C. lindemuthianum PG system amenable to genetic manipulation. More recently a PG-encoding gene has been isolated from A. niger [13] , which should be invaluable as a probe for isolating the C. lindemuthianum PG gene.
These features of the C. lindemuthianum PG system make it an attractive source of the enzyme for studies aimed at elucidating the structure and function of this class of enzymes, about which there is currently little known. Towards this end we are currently attempting both to crystallize the enzyme and to elucidate its mechanism of action. With the latter goal in mind, we have exploited the observed changes in the intrinsic protein fluorescence of the enzyme in transient kinetic studies aimed at elucidating the elementary steps of the reaction mechanism. In the present study we demonstrate a quench in tryptophan fluorescence of the enzyme upon binding with PGA, which can be used to provide information upon transient intermediates which occur along the reaction pathway. These studies, and future studies with OGAs of varying chain length, will be an important step towards an understanding of the mechanism of action of PGs. The isolate of C. lindemuthianum was maintained and spore suspensions were produced as previously described [14] . For enzyme production, the fungus was grown as described by Keon & Waksman [4] .
MATERIALS AND METHODS

Chemicals
Purification of the PG enzyme from C. lindemuthianum
The purification of the PG enzyme from C. lindemuthianum is as described by Keon & Waksman [4] . Purity of the enzyme was checked using SDS/PAGE and analytical isoelectric focusing as described in [4] . The protein concentration was determined from the 280 nm absorbance, using a specific absorption coefficient of 0.925 ml-mg-' cm-1. This coefficient was determined by measuring the absorbance at 280 nm of a sample of known weight, determined from the amino acid composition of the sample using a Waters Pico-tag system (at the University of Sheffield). A molecular mass of 38 kDa was used for calculation of the enzyme active-site concentration [4] .
Steady-state enzymic assays
Enzymic activity was determined using the Nelson-Somogyi method [15] . Reaction mixtures consisted of 1 ml of PGA (at the required concentration) in 50 mM-acetate, buffered to the required pH with glacial acetic acid, and 2.5,1 of 0.06 /aM-PG.
Incubations were performed at 20 'C for 5 min.
Spectroscopic equipment
Rapid reactions were followed using an Applied-Photophysics (London, U.K.) spectrofluorimeter. Tryptophan fluorescence was excited at 297 nm, selected by focusing a 150 W xenon arc lamp onto an f/3.4 monochromator, and the emitted light was selected with a WG335 Schott filter positioned in front of the observation photo-multiplier tube. Data were captured on an Archimedes 420/1 microcomputer, and analysed by non-linear regression. At least three stopped-flow traces were averaged prior to non-linear regression analysis.
Spectroscopic assays
All reactions were monitored in 50 mM-sodium acetate, buffered to pH 4.2 with glacial acetic acid, at 20 'C. The quoted concentrations in stopped-flow experiments refer to those in the syringes, unless stated otherwise. In all the experiments reported here, equal volumes (50 /,J) of enzyme and PGA solutions were mixed in the stopped-flow apparatus. As a routine check of the behaviour of different enzyme preparations, often from different fungal batches, the fluorescence profiles for turnover of 0.25 % PGA by 6 /uM enzyme were compared. The activity of different preparations was also checked for consistency by using the reducing-group assay described above.
Production of PGA hydrolysate PGA 0.5% was hydrolysed overnight with 1 ,ld of 0.06,UM-PG/ml, at 20 'C. PG was then heat-inactivated and the hydrolysate was filtered through a 0.22 ,tm Amicon filter.
RESULTS
The PGA binding The first phase, which is presumably attributable to the reversible binding of PGA to the enzyme, was too fast to be measured by stopped-flow spectroscopy. However, while this initial fluorescence quench could not be time-resolved, its amplitude was found to increase hyperbolically with the substrate concentration, allowing assessment of the steady-state parameters for PGA binding. Fitting of the data to a simple hyperbola indicated a dissociation constant for the substrate-enzyme complex of about 8.0 x 10-4 % (w/v) PGA, with a maximal quench of about 12.5 % (Fig. 2) . The Kd value would correspond to a molar value of about 0.27 /tM, indicating that the PGA is bound with high affinity. For relatively high substrate concentrations, more than 10-fold the apparent Kd value, there was a decrease in the quenching, with a second, slow phase emerging during the first 2 s of the reaction (Fig. lb) . The slow decrease in the fluorescence of the protein which occurs during this phase of the reaction is illustrated in Fig. 3 (Fig. 3) .
Steady-state turnover of PGA The steady-state fluorescence phase presumably provides a measure of the rate of enzyme turnover in the steady state, since this phase can be proportionally prolonged by either increasing the substrate concentration or by reducing the enzyme concentration (see Figs. 1 and 7) . Taking the duration of this phase as the time required for the enzyme to degrade a specified PGA concentration, the rate of polymer degradation can accordingly be calculated. Although such measurements do not provide an accurate measure of the steady-state rate, the data clearly demonstrate that the rate is saturable with respect to the substrate concentration, with inhibition becoming apparent at higher substrate concentrations (Fig. 4) accumulate during the steady-state/constantfluorescence phase. The reducing-group assay was also used in an attempt to monitor initial rates of product formation, with the aim of determining the steady-state parameters, which could then be compared with those obtained from fluorescence studies. However, our experiments pinpointed a potential complication in making such measurements. For low substrate concentrations the reaction progress curves were non-linear, with apparent enzyme activation occurring. Upon consideration of the catalytic reaction, this behaviour is not unexpected. Initially the enzyme can cleave the polymeric substrate to produce two smaller polymeric fragments, which can act as substrates for further turnovers of the enzyme. In consequence, the substrate concentration will increase with each turnover of the enzyme. For low substrate concentrations, well below Km, the increase in the apparent rate as the reaction proceeds will be most dramatic. This apparent activation will proceed until substrate fragments are produced which are either turned over more slowly or are resistant to further cleavage. This behaviour has also been noted in an early study, which showed that pectic acid cleavage by the yeast Saccharomyces fragilis was biphasic [7] . There was an initial rapid phase of product formation, followed by a slower steady-state phase. The latter phase parallels an initially linear rate of GA production. Furthermore, the affinity for the increasingly smaller OGAs produced may progressively decrease.
This would tend to give a higher K. value for the overall reaction than for the initial rate of PGA cleavage. In view of the difficulties associated with making initial-rate measurements, we have merely monitored product formation over a fixed time interval, which was sufficient to allow less than 10 This requirement of the model is supported by the finding that preincubating the enzyme with 0.25% hydrolysed PGA (product) did not appreciably affect the binding and turnover of 0.005% PGA. This would suggest either that the binding of the product to the enzyme is a rapid equilibrium process or that little of the enzyme-product complex is formed due to it having a high Kd value. The latter suggestion can be rejected since we have shown that the Kd value for the enzyme-product complex is 0.025% (w/v PGA equivalents). Since GA has been shown to be noninhibitory for PGA turnover, these findings would point towards a rapid-equilibrium, random-order release of products.
We have shown in this study that GA has a low affinity for the enzyme, indicating that the product remaining bound to the enzyme is an OGA. Consistent with this interpretation, previous studies have shown that PGA is broken down by PG to tri-, diand mono-galacturonic acids, while only trigalacturonic acid is inhibitory for the reaction [6, 7] . Our figure of 55 % hydrolysis would be consistent with the equimolar production of these three products. T.l.c. analysis has established that only three products are formed in the final reaction mixture, one of which is GA (G. Waksman, unpublished work). It is tempting to suggest that trigalacturonic acid is the product remaining bound at the end of the reaction.
At relatively high [PGA], a slow transient was observed prior to the steady-state phase (see Fig. 3 
